ABSTRACT: This study characterized the effects of nutritionally induced metabolic acidosis with or without Gln infusion on acid-base balance, plasma AA, and plasma NEFA in sheep. In a randomized complete block design with a 2 × 2 factorial arrangement of treatments, 24 fully fleeced sheep (Rideau-Arcott, 63.6 ± 5.9 kg of BW) were fed a control supplement (CS; 300 g/d of canola meal) or an acidosis supplement (AS; 300 g/d of NutriChlor; HCl-treated canola meal), offered twice daily at 0700 and 1100 h. Sheep were infused at 1400 h daily with 0.3 g of l-glutamine per kg of BW or saline via jugular vein catheters for 7 d. The sheep were individually housed and limit-fed a basal diet of dehydrated alfalfa pellets (1.75 kg/d; 90% DM, 22% CP, and 1.2 Mcal of NE g /kg on a DM basis) offered twice daily at 1000 and 1300 h. Blood and urine was sampled daily between 1100 and 1130 h, and blood samples were analyzed for hematocrit, plasma pH, gases, strong ions, AA, and NEFA, whereas urine was analyzed for pH. The AS reduced (P < 0.01) DMI, urine and plasma pH, blood urea, partial pressure of CO 2 , strong ion difference, and plasma HCO 3 − , and increased (P < 0.01) plasma K + , Ca
INTRODUCTION
Glutamine is the most abundant AA in the body (ranging from 2 to 15 mM; Meijer et al., 1993; Le Boucher et al., 1997) . Glutamine plays a central role in interorgan N transfer and regulation of intermediary metabolism (Häussinger et al., 1994) . As part of a complex acid-base regulation system, Gln serves as precursor for the increased renal ammoniagenesis during chronic metabolic acidosis (Schrock and Goldstein, 1981) . Chronic metabolic acidosis has a detrimental impact on protein metabolism; promotes negative N balance, protein wasting, and loss of BW; and can stunt growth (May et al., 1986; Williams et al., 1994; Mutsvangwa et al., 2004) .
Glutamine concentrations in blood and tissues decreases markedly during disease states (Nappert et al., 1997; van de Poll et al., 2004) , and availability of Gln from endogenous tissue production may not be sufficient for the maintenance of the structural and functional integrity of, for example, intestinal mucosa (Van der Hulst et al., 1993; James et al., 1998) . In sheep suffering from metabolic acidosis, renal extraction of plasma Gln increased considerably as a mechanism to maintain acid-base balance via ammoniagenesis (Heitmann and Bergman, 1980) resulting in decreased Gln availability for the gastrointestinal tract (Heitmann and Bergman, 1978; van de Poll et al., 2004) , thus making Gln a conditionally indispensable AA. Because the gastrointestinal tract has an obligatory requirement for Gln (Reeds et al., 2000) , gut atrophy can develop with resultant dysfunction of its digestive, absorptive, and barrier functions (Van der Hulst et al., 1993) . Adegoke et al. (1999 Adegoke et al. ( , 2003 showed in healthy piglets fasted overnight that luminal perfusion of a mixture of indispensable and dispensable AA or Gln alone decreased protein synthesis by 20 to 25%. However, longer-term luminal AA therapy during metabolic acidosis in ruminants has not been reported in the literature. Additionally, plasma NEFA are indicator substances in lipid, glucose, and hormone metabolism and are useful in the diagnosis of various diseases, such as diabetes mellitus and ketosis (Kotani et al., 2000) . There are no reports on whether Gln supplementation can alter the concentration of plasma NEFA in ruminants during metabolic acidosis.
The objective of this study was to characterize the effects of chronic metabolic acidosis on acid-base balance, plasma AA, and NEFA concentrations in sheep infused with Gln or saline. Our hypothesis was that Gln infusion during metabolic acidosis would ameliorate the effects of acidosis on perturbations in acid-base balance and changes in plasma AA and NEFA concentrations.
MATERIALS AND METHODS
All experimental procedures were done with the approval of the University of Guelph Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal Care (CCAC, 1993) .
Animals and Experimental Design
Twenty-four fully fleeced sheep (Rideau-Arcott, 63.6 ± 5.9 kg of BW) of similar nutritional and environmental background obtained from Ponsonby Research Station, University of Guelph, Ontario, Canada were used in the study. The sheep were housed in individual pens (1.5 × 2.0 m), blocked by BW, and assigned randomly to 1 of 4 treatments (n = 6) in a randomized complete block design with a 2 × 2 factorial arrangement of treatments. Two days before the start of the experiment, the sheep were catheterized in the left jugular vein with vinyl catheters (0.86 mm i.d., 1.32 mm o.d.; Scientific Commodities, Lake Havasu City, AZ) to facilitate infusion and blood sampling.
Experimental Treatments
The sheep were limit-fed a basal diet of dehydrated alfalfa pellets (1.75 kg/d; Langs Dehy Ltd., Palmerston, Ontario, Canada) containing 90% DM, 22% CP, and 1.2 Mcal of NE g /kg (DM basis) offered twice daily at 1000 and 1300 h. The treatments comprised a control supplement (CS; 300 g/d of canola meal) or an acidosis supplement (AS; 300 g/d of NutriChlor; Nutritech Solutions, Abbotsford, British Columbia, Canada). NutriChlor consists of hydrochloric acid-treated canola meal [dietary cation-anion difference (DCAD) = −1,985 mEq/kg of DM, calculated as (Na
. The daily allocations of canola meal or NutriChlor were adapted to the sheep as 0 g (d 0), 100 g (d 1), 200 g (d 2), 250 g (d 3), and 300 g/d (d 4 to 10), mixed by hand with 60 mL of molasses to mask the NutriChlor off-flavor and divided into 2 equal portions offered twice daily at 0700 and 1100 h. Individual feed intake of the sheep was recorded daily. Water was available at all times. Ingredients and chemical composition of the diets are presented in Table 1 .
Additionally, from d 4 to 10, the sheep were infused via the jugular catheters with 0.3 g of L-glutamine per kg of BW (292 mg/L; Cambrex Corporation, East Rutherford, NJ) or a saline solution at the rate of 1.8 mL/ min for 196 ± 3.1 min (mean ± SE) using a peristaltic Block, 1994. pump (Watson Marlow 504S, Sin Can Inc., Calgary, Alberta, Canada) as described by Plaizier et al. (2001) starting at 1400 h daily.
Blood and Urine Sampling
One day before the start of the experiment (d 0), blood samples were obtained between 1100 and 1130 h using sterile 3-mL blood gas syringes (Gaslyte, Vital Signs Inc., Englewood, CO) and immediately (within 3 min) analyzed for plasma pH, partial pressure (p) of CO 2 , pO 2 , and plasma concentration of Na + , K Emmet and Narins, 1977] , and osmolarity. Strong ion difference (SID) was obtained from the equation (Stewart, 1983) : SID, mEq/L = (Na
. Remaining blood was then centrifuged at 3,000 × g for 15 min at room temperature to separate the plasma and total plasma protein (PP) determined by refractometry (clinical refractometer model SPR-T2; Atago, Tokyo, Japan). Urine samples were also obtained at the time of blood sampling as described by Odongo et al. (2006) , and urine pH determined within 5 min using an Accumet pH meter (Fisher Scientific, Ottawa, Ontario, Canada). The d 0 blood and urine samples were used to determine pretreatment plasma acid-base status of the sheep and were used as covariates during statistical analysis.
From d 1 to 10, jugular venous blood and urine samples were obtained daily from each sheep as described previously, and blood and urine indicators of acid-base status were determined as described above. On d 11, the experimental procedures were discontinued and the sheep were slaughtered by captive-bolt stunning and exsanguination.
Plasma Free AA
Plasma samples collected during d 4 to 10 of the experimental period were composited by animal and used for determination of plasma free AA concentrations using an Agilent 1100 HPLC system and quaternary pump (Agilent, Santa Clara, CA). An Agilent Eclipse AAA, 3.0 × 150 mm, 3.5 µm column (Agilent) was used at a column temperature of 40°C for chromatographic separation of AA. Plasma AA concentrations were determined in triplicates using the o-phthalaldehyde and 9-fluorenylmethylchloroformate derivatives to detect primary and secondary AA, respectively, as described previously (Henderson et al., 2000) with minor modifications. Briefly, 500 µL of plasma was mixed with an equal amount of 6% sulfosalicyclic acid before vortexing and centrifugation. Samples were filtered during centrifugation and transferred to Nanosep MF GHP filter tubes (VWR, South Plainfield, NJ). The concentration of the AA was determined using o-phthalaldehyde as the derivatizing agent except for proline and hydroxyproline which were detected by 9-fluorenylmethylchloroformate using a fluorescence detector at an excitation wavelength of 266 nm and an emission wavelength of 305 nm. l-Norvaline and sarcosine (Sigma Aldrich, St. Louis, MO) were used as internal standards for primary and secondary AA determination, respectively. l-Methionine sulfoxide, taurine, l-cysteic acid, trans-4-hydroxy-l-proline, and l-tryptophan were used as standards.
Analysis of Fatty Acid Composition by GLC
Total plasma lipid was extracted from samples collected during d 4 to 10 of the experimental period and composited by animal according to the method by Bligh and Dyer (1959) and modified by Odongo et al. (2007) . Analysis of fatty acid (FA) methyl esters was performed using an Agilent 6890N GLC (Agilent Technologies, Palo Alto, CA) equipped with a split-splitless injector at 250°C, a flame ionization detector at 250°C, and a CP Sil 88 column (100 m × 0.25 mm, 0.2 µm of film thickness, Varian Inc., Mississauga, Ontario, Canada). Hydrogen was used as the carrier gas at a constant flow rate of 1 mL/min. The temperature of the GLC oven was set to 45°C for 4 min, increased at 13°C/min to 175°C and held for 27 min, and increased at the rate of 4°C/min to a final temperature of 215°C and held for 35 min. Agilent Technologies Chemstation software (Rev. B.01.01) was used for data analysis. A 1-µL sample was injected at splitless mode. Peaks were routinely identified by comparison of the retention times with FA methyl ester standards (GLC No. 463, 21:0, 23:0, and 26:0, Elysian, MN) . Individual isomers of 18:1 FA were determined as follows. The temperature of the GLC oven was maintained at 45°C for 4 min, increased to 167°C at a rate of 13°C/min and held for 40 min, and again increased at the rate of 4°C/min to a final temperature of 218°C and held for 23 min. Peaks of 18:1 isomers were identified by order of elution according to Precht and Molkentin (1997) , Shingfield et al. (2003) , and Loor et al. (2004) . Fatty acid composition was expressed as g/100 g of total FA.
Statistical Analysis
The repeated measurements of DMI, total PP, and plasma acid-base variables were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC) and the model Y ijk = µ + τ i + α j + β k + αβ jk + ε ijk , in which Y ijk = the dependent variable, µ = overall mean, τ i = effect of block ( i = 1, 2, 3), α j = effect of diet ( j = 1, 2), β k = effect of Gln ( k = 1, 2), αβ jk = effect of diet × Gln interaction ( jk = 1, 2, 3, 4), and ε ijk = random residual error. The effects of diet (acidosis or control), effects of Gln (Gln or saline), day, and their interactions were considered fixed. Block was considered random. The repeated measurement option in time (d) was used with sheep nested within diet × Gln as the repeat subject. Samples taken on d 0 were used as covariates. The firstorder autoregressive covariance model was fitted to the data.
The concentration of plasma free AA and NEFA were analyzed using the GLM procedure of SAS and the model Y ijk = µ + τ i + α j + β k + αβ jk + ε ijk , in which Y ijk = the dependent variable, µ = overall mean, τ i = effect of block ( i = 1, 2, 3), α j = effect of diet ( j = 1, 2), β k = effect of Gln ( k = 1, 2), αβ jk = effect of diet × Gln interaction ( jk = 1, 2, 3, 4), and ε ijk = random residual error. Treatment least square means were compared using Tukey's multiple comparison procedure, and effects were considered significant at P < 0.05. Data are expressed as mean ± SEM, which represents the pooled SEM for the model.
RESULTS AND DISCUSSION

Acid-Base Balance
Acid-base status of the sheep was interpreted using the physicochemical approach, which identifies changes in the concentration of dependent variables (H + , TCO 2 , and HCO 3 -) in response to changes in the concentration of 1 or more of the independent variables (pCO 2 , SID, and weak anions and cations; Stewart, 1983; Lindinger, 2004) . Acidosis reduced (P < 0.01) DMI, urine and plasma pH, blood urea, pCO 2 , and the concentration of SID, TCO 2 , and HCO 3 − , and increased (P < 0.01) the concentration of K + , Ca
2+
, and Cl − . Acidosis increased pO 2 , osmolarity, and the concentration of glucose without Gln infusion, and reduced pO 2 , osmolarity, and the concentration of glucose with Gln. Acidosis reduced (P = 0.03) hematocrit without Gln and increased (P = 0.03) hematocrit with Gln. There was a tendency (P ≤ 0.08) for Gln and acidosis to reduce the concentration of PP and for Gln to increase the concentration of K + . Other variables were not (P ≥ 0.07) affected by acidosis or Gln (Table 2) . This is consistent with previous studies (Waller et al., 2004; Odongo et al., 2006; Las et al., 2007) , which have shown that decreased DCAD (i.e., increased dietary concentration of Cl − and S 2− ) reduced the pH of body fluids, primarily because of the reduced concentration of plasma SID (Stewart, 1983; Goff et al., 2004) .
The main contributor to the decreased concentration of plasma SID was the increased concentration of plasma Cl − from the ingested hydrochloric acid-treated canola meal. This is in agreement with Tucker et al. (1988) who proposed that the concentration of Cl − was the main cause of altered acid-base status in lactat- ing dairy cows. The AS treatment induced metabolic acidosis because the pO 2 was not elevated (42.6 vs. 47.3 ± 1.25, CS vs. AS, respectively; P = 0.33) but pCO 2 and plasma pH were reduced as a result of decreased concentration of plasma SID (Table 2) , suggesting respiratory compensation. This is in agreement with Waller et al. (2005) where pCO 2 decreased as a result of a mild increase in ventilation-a respiratory response that partially offset the metabolic acidosis. In the present study, low DCAD produced chronic metabolic acidosis characterized by decreased plasma pH, pCO 2 , and concentration of Na + , HCO 3 − , and TCO 2 with elevated concentration of Cl − as reported by Odongo et al. (2006) . Constable (2000) suggested that concentration of TCO 2 was a useful measurement for determining acid-base disturbances in domestic animals that do not display clinical evidence of a respiratory disease. In such cases, a decrease in the concentration of TCO 2 was indicative of metabolic acidosis, whereas an increase in the concentration of TCO 2 was evidence of systemic alkalosis (Constable, 2000) . The increased concentration of K + is consistent with Hu and Murphy (2004) , who reported that the concentration of plasma K + increased linearly with increased DCAD.
Plasma Free AA
Because the kidney extracts more than one-third of the total plasma Gln in a single pass (Squires et al., 1976) , repletion of circulating Gln requires increased de novo Gln synthesis and release, protein catabolism and release of Gln, or increased exogenous Gln through the diet. In the current study, there was no effect on plasma Gln or glutamate concentrations with Gln infusion or acidosis (Table 3 ). This could be a result of partitioning exogenous Gln toward renal ammoniagenesis instead of using Gln derived from ureagenesis to meet the increased ammoniagenesis requirement (Patience, 1990) . This agrees with the present study where acidosis decreased (P < 0.01) the concentration of plasma urea, and Gln supplementation tended (P < 0.10) to increase the concentration of plasma urea (Table 2) .
In terms of branched chain AA, the concentration of plasma leucine of the control diet was increased with saline infusion, but there was no effect of Gln infusion with the acidosis diet (P = 0.04; Table 3 ). Acidosis increases oxidation of branched-chain AA due to an increase in both the activity and abundance of branchedchain ketoacid dehydrogenase (May et al., 1987) . There was no (P ≥ 0.36) effect on isoleucine.
Acidosis resulted in a greater (P = 0.008) concentration of plasma lysine. The lack of response in other AA suggests the absence of protein catabolism. However, dietary lysine concentration cannot account for this increase in the concentration of plasma lysine because canola meal was the main protein source in both treatments. It is hypothesized that the increased concentration of plasma lysine may be a result of increased intestinal lysine uptake.
The concentration of plasma taurine was less (P = 0.004) in AS sheep compared with CS sheep. Because taurine conjugated bile acids are the major component of bile salts in ruminants (Bobowiec and Kosior-Korzecka, 1999) , the finding that plasma taurine concentrations are significantly decreased due to acidosis could suggest that taurine was being utilized by the liver for bile salt production, or that metabolism of cysteine to taurine was impaired, as observed in human uremic patients (Suliman et al., 1996) . However, the potential involvement of taurine in cytoplasmic calcium flux or glutamate synthesis observed in monogastrics (Hayes, 1988) could be considered in situations of metabolic acidosis and requires further investigation.
Plasma NEFA
The major NEFA were 16:0, 16:1 cis-9, 18:0, 18:1 cis-9, 18:2n-6, and 18:3n-3 (Table 4 and 5) consistent with results of Rukkwamsuk et al. (2000) . Among saturated FA, AS animals had greater 12:0, 14:0, and 22:0 compared with CS sheep (P < 0.03, Table 4 ). The concentration of 16:0 was 33 to 85% greater (P < 0.001) in AS sheep than CS sheep. The Gln infusion with acidosis resulted in a 9 to 35% increase (P < 0.001) in plasma 16:0. The increased plasma 16:1 cis-9 and 18:1 cis-9 in AS sheep might be due to an increase of the Δ9-desaturase enzyme (El-Hafidi et al., 2004) . Similarly, plasma 18:0 was decreased (P < 0.001) with the AS treatment in the current study, suggesting that 18:0 can be specifically used by the liver, perhaps for oxidation, thereby limiting its accumulation in the plasma (Rukkwamsuk et al., 2000) . The concentration of 6:0, 20:0, 23:0, and 24:0 were not affected by diet or infusion.
The AS sheep had greater (P < 0.01) plasma 14:1 cis-9, 18:1 trans-10, 18:1 trans-11, and 18:1 trans-16 compared with CS sheep, whereas sheep infused with Gln had decreased (P < 0.03) plasma concentrations of these NEFA compared with sheep infused with saline; however, there was no (P ≥ 0.09) diet × infusion interaction (Tables 4 and 5 ). Plasma NEFA concentration of 18:1 trans-9, 18:1 trans-12, 18:1 cis-11, 18:1 cis-12, and 18:1 cis-13 were greater (P = 0.02) in AS sheep compared with CS sheep, with no infusion effect. Other monoeins, such as 16:1 cis-9, 18:1 trans-6, 18:1 trans-8, and 18:1 cis-9 were also affected (P = 0.05) by the diet, infusion, and their interactions.
Plasma 18:2n-6, 20:3n-6, and 20:4n-6 were greater (P < 0.005) in AS sheep compared with CS sheep, and Gln infusion decreased (P = 0.02) plasma concentration compared with saline infusion, whereas 18:3n-6, 22:2n-6, and 22:4n-6 concentrations were only affected (P = 0.05) by AS treatment. The total concentration of NEFA in the plasma of acidotic sheep was 14 to 45% greater than in CS sheep, consistent with previ- ous reports of increased concentration of plasma total NEFA in cows during ketosis (Brumby et al., 1975) . The chemical composition of the diets, especially crude fat concentration, were similar between AS and CS diets. This observation potentially excludes the possibility that dietary composition could have induced plasma NEFA fluctuations in the current experiment. It is more probable that increased lipolysis as a result of metabolic acidosis stimulated these NEFA alterations in AS sheep. The concentration of 20:4n-3, 22:5n-3, and 22:6n-3 were greater (P < 0.05) in plasma of AS sheep compared with CS sheep, but were unaffected by type of infusate, whereas the concentration of 18:3n-3 and 20:5n-3 were affected (P = 0.03) by both diet and infusion. Diet × infusion interactions had no effect on n-3 NEFA.
The cis-9, trans-11 CLA was elevated (P = 0.001) in the NEFA fraction of AS sheep. However, the concentration of cis-9, trans-11 CLA, regardless of the diets, was less (P < 0.02) in sheep infused with Gln compared with sheep infused with saline (Table 5 ). The plasma concentration of trans-10, cis-12 CLA and trans-9, trans-11 + trans-10, trans-12 CLA was greater (P < 0.004) in AS sheep but was unaffected by type of infusate. Diet, infusion, and diet × infusion interaction had no (P ≥ 0.11) effect on the concentration of trans-9, cis-11 CLA and trans-11, trans-13 CLA.
In conclusion, Gln supplementation did not ameliorate the changes in plasma AA concentrations, or the perturbations in acid-base balance, suggesting that Gln may not have been the limiting factor in the attenuation of the metabolic acidosis. Furthermore, alterations in NEFA suggest movement toward lipolysis, suggesting that other metabolic pathways may also play some role in substrate provision. Table 5 . Effect of supplementation on the positional isomers of 18:1 monoenes and the isomers of CLA in plasma NEFA concentrations in sheep fed a basal diet of dehydrated alfalfa pellet, and supplemented with either a control or acidosis supplement, with or without glutamine infusion Chronic metabolic acidosis and glutamine infusion
